Particularly during the summer and autumn, the crab species Cancer pagurus is a popular food item in this area. These crabs contain high concentrations of organochlorine compounds, revealing the characteristic isomer pattern of the magnesium process (5) with tetra-to hexa-CDFs being the predominant PCDD/PCDF congeners and decachlorobiphenyl ) the most abundant PCB congener. PCDDs, PCDFs, and PCBs are complex mixtures of persistent lipophilic substances and tend to accumulate in marine and terrestrial food chains. The general population is mainly exposed to these substances through fatty food, leading to a background body burden of these substances (6) (7) (8) . People consuming large amounts of contaminated seafood may have elevated concentrations of organochlorine compounds in their tissues compared to the general population (9) (10) (11) (12) (13) (14) . Due to low biodegradation and excretion in humans, these substances accumulate in the body fat, and their concentrations reflect external exposure (6) (7) (8) 15, 16) . Cumulative exposure has been assessed by analyzing adipose tissue, human milk, and/or blood (17) (18) (19) (20) .
The patterns of PCDDs, PCDFs, and PCBs in humans do not directly reflect the patterns of discharge to the environment owing to differences in physical properties, e.g., lipophilicity and volatility, and biodegradability of the individual compounds in the food chain. Of the PCDD/PCDF congeners, the 2,3,7,8-substituted PCDD and PCDF congeners are the most resistant to metabolism and are generally the only congeners found in human tissue (7, 8) . The hepta-and octa-CDD congeners are by far the most abundant in samples from the general population (8) . In contrast, fish and other organisms from the aquatic environment usually contain quite low concentrations of these congeners (21, 22) .
For risk assessment purposes and to assist in risk management, the concept of toxic equivalency factors (TEFs) for the 2,3,7,8-substituted congeners has been developed to express the toxic potency of complex mixtures of PCDDs/PCDFs in biological samples by a single value, the 2,3,7,8-TCDD toxic equivalent (TEQ) (23, 24) . In addition, several of the non-, mono-, and di-ortho-substituted PCBs, which induce effects similar to those caused by PCDDs and PCDFs, have been given provisional TEF values (25) . Even though the application of the proposed TEFs to health risk assessment has been criticized, particularly for the PCBs (26) , they are widely used for risk management.
The objective of the present study was to assess the role of consumption of crabs from the contaminated fjord area for the exposure to PCBs, PCDDs, and PCDFs. We therefore determined blood concentrations of these compounds in 24 male crab consumers and 10 referents and recorded information on crab consumption and fishing site as well as consumption of fish and other food items to answer the following questions: 1) Does the consumption of crabs from the Frierfjord area lead to increased body burdens of PCDD/PCDF and PCB compounds? 2) Are the patterns for PCDDs/PCDFs and PCBs found in human blood changed by the exposure through crab consumption? 3) Do exposure estimates based on measured blood concentrations agree with those based on reported crab intake? 4) What is the individual exposure level compared to present recommended tolerable intake of toxic equivalents?
Materials and Methods
Study group and sample collection. It is well documented that the body burden of PCDD/PCDF and PCB compounds increases with age and for women decreases with the number of breastfed children (7, 18, 27) . To avoid variation of body burden with age and sex, we restricted the study to male subjects in a relatively close age range. The study was approved by the Regional Committee of Medical Research Ethics, and informed consent was obtained from all participants. A total of 34 male volunteers, age 40-54 years, participated in the study. All subjects were living in the Frierfjord area of Norway. Male crab consumers (high and moderate intake) were recruited nonrandomly through announcements in the newspapers and other media. Of the 24 crab consumers, 20 had eaten crabs for more than 10 years, 2 for 5-10 years, and 2 did not report the duration of crab consumption. The male referents were drawn randomly from the Register of Population. Blood was sampled after overnight fasting. About 250 ml venous blood was drawn from each subject into thoroughly cleaned glass bottles (Duran, Schott, Germany) and kept frozen at -20°C until analyzed. A questionnaire including information on crab and fish consumption, intake of other fatty food items, and other relevant factors was completed by each donor. All subjects reported being healthy. Information concerning the subjects of the three groups is summarized in Table 1 The clean-up was carried out in a multicolumn system according to a slight modification of the method described by Smith et al. (28) . In brief, the fat extract was passed through two columns in series using a total of 825 ml of dichloromethane/cyclohexane (1:1, v/v) followed by 50 ml of dichloromethane/methanol/benzene (15: For non-ortho-PCBs, 13C-labeled analogues were used as internal standards.
Multilevel calibration was performed before or directly after each analysis series. PCB-189 was added to the final extract to measure the recovery of the 13C-labeled standards. Detection limits were 1-7 pg/g fat for different congeners and sampling conditions. Recoveries were between 50 and 80%. PCB-77 could not be quantitated due to coelution with contaminants. However, this non-ortho-substituted PCB does not contribute significantly to the dioxin-related toxicity as both the concentration in human samples is generally low (16, 19) , and its WHO-TEF value is very small.
Determination of PCBs. Mono-and multi-ortho-PCBs were extracted from 15 ml of whole blood by the same extraction procedures as the PCDDs and PCDFs and the non-ortho-PCBs. The lipid extracts were dissolved in cyclohexane (about 0.1 g lipid/ml) and treated twice with an equal volume of concentrated sulfuric acid to remove the major part of the lipids and other interfering organic compounds. The sulfuric acid phase was reextracted with cyclohexane. Additional purification was performed by chromatography on basic alumina using hexane/dichloromethane (80/20, v/v) as an eluent. The organic phase was reduced to 1 ml by a gentle stream of purified nitrogen.
GC analysis was performed with a Perkin Elmer 8700 gas chromatograph equipped with an electron capture detector, an AS-8300 autosampler and a PE Nelson Model 1020 personal integrator (PerkinElmer Corp., Beaconsfield, UK). Hydrogen was used as carrier gas with a linear velocity of 28 cm/sec (at 100°C). Argon/methane (5%) was used as make-up gas with a flow rate of 50 Quality assurance of organochlorine compound analysis. All samples were analyzed coded. For each set of five samples, a method blank was prepared using the same extraction and preparation procedures. New glass columns and adsorbents were used for each sample to avoid cross-contamination. For PCDDs/PCDFs, most blank samples contained less than 1 pg of all analytes, except for the ubiquitous octachlorodibenzo-p-dioxin (OCDD). The repeatibility of the entire method, the recovery rates of isotopically labeled internal standards, and the detection limit for the method were in good agreement with those values reported by Papke et al. (29) , who used the method successfully in WHO interlaboratory control studies.
For PCBs, recovery rates for all quantitated congeners throughout the procedure were in the range of 45-80%. Good Determination offatty acids. We allowed 10 ml of venous blood to clot and immediately separated serum by centrifugation, cooled it, and froze it within 6 hours at -70°C until analysis. The concentration of fatty acids in plasma phospholipids was measured essentially as described elsewhere (32) . Briefly, plasma lipids were extracted with n-butanol (33) 
Results
The crab consumers were divided into two groups, a moderate-intake group (10-38 crabs per year) and a high-intake group (>40 crabs per year). These two groups and referents were compared with respect to age, body mass index, fish intake, fat in whole blood, and relative levels of 22:5 (n-6) polyunsaturated fatty acids (PUFA), total n-3 PUFA, and total n-6 PUFA in blood (Table 1 ). In addition to differences in crab intake, there was a slight nonsignificant increase in the intake of fish, particurlarly for the high consumers of crabs. There were no differences with respect to consumption of milk and dairy products or other sources of animal fat. There was no other significant difference in age of the subjects, ranging from 40 to 54 years, and no correlation between the age and the level of PCDDs and PCDFs in blood was observed.
In addition to the the number of crabs eaten, exposure to organochlorine compounds (OCs) is highly dependent on the location of the fishing sites and which parts of the crabs are consumed. The hepatopancreas of the crab has a high fat content (about 15-20%) compared to the rest of the crab meat and accordingly contains most of the OCs. All but two of the subjects in our study group reported eating whole crabs, including the hepatopancreas.
There was a considerable decrease (about 25 times) of PCDD/PCDF in crab hepatopancreas from the inner part of the fjord (site A), close to the magnesium factory, to sampling site F, about 35 km from the source (Fig. 1) Table 2 . Blood concentrations for many PCDD and PCDF congeners in crab consumers are significantly raised compared to the referents, particularly for the penta-and hexa-CDFs. The most pronounced difference between the control and high-intake groups (more than 14 times) was observed for 1,2,3,4,7,8-hexa-CDF. There was also a significant increase in the level of several PCDDs, mostly the lower-chlorinated ones. In contrast, the concentrations of hepta-and octa-CDDs tended to decrease from the control to the high-intake group, but not significantly.
In Figure 2 , the profile of 2,3,7,8-substituted congeners in crab hepatopancreas is compared with concentrations found in the blood from persons with no and high crab consumption. The PCDD/PCDF profile in the high-intake group is clearly influenced by the profile found in crab hepatopancreas. The PCDD profiles of the blood samples from both the high-intake group and the referents are dominated by octa-CDD which contributes little to the sum of PCDDs/PCDFs in crab hepatopancreas; however, this congener is clearly less dominant in the crab eaters.
When plotting blood concentrations of individual congeners against the intake of crab equivalents, good linear correlations (r Table 2 A comparison of the PCB profiles in crab hepatopancreas (3) from the Frierfiord area and in blood samples of the referents and the high-intake group is shown in Figure 3 . There are only minor differences in the profiles for the referents and the high-intake group, and there is little agreement between the blood profiles and the profile found in crabs. The high concentration of PCB-209 found in crabs from the Frierfjord area is not reflected in the blood of the crab consumers.
The contribution of different dioxinlike compounds to the total TEQs for the three study groups is presented in Figure 4 . While there is only a slight increase in TEQs for the PCBs with increasing crab consumption, the PCDD/PCDF-related TEQs are about five times higher in the high-intake group compared to the referents. Thus, the relative contribution of PCBs to the total TEQs drops from 65% in the referents to about 35% in the highintake group.
When plotting the PCDD/PCDFrelated TEQs in blood against the intake of crab equivalents, a good correlation was observed (Fig. 5 , r = 0.75). When only numbers of crabs were used, the correlation factor was 0.68, and several of the data points for subjects who caught crabs close to extreme sites B and F (see Fig. 1 ) were remote from the regression line. This emphasizes the usefulness of crab equivalents, which accounts for the gradient in PCDD/PCDF concentrations of crabs as a function of the distance from the source.
Based on the measured blood concentrations, we wanted to estimate the total body burden of PCDDs /PCDFs, expressed as TEQs. We assumed that the whole dose is evenly distributed in the body fat compartment (35) (36) (37) 
C., We further calculated the yearly intake of PCDDs/PCDFs from crab consumption using the differences between the blood concentrations of the individual crab consumers and mean blood concentrations of the referents. The values were 63-317 ng TEQ/year for the high-intake group and 2-244 ng TEQ/year for the moderateintake group. These values were compared to estimates of yearly intakes based on previously measured concentrations in crabs, reported fishing site, and consumption. The linear correlation coefficient was r = Calculated from blood concentrations Figure 6 . Relationship between estimates of PCDD/PCDF intakes (in ng TEQ/year) from crab consumption using either PCDD/PCDF blood concentrations or reported crab consumption and fishing site.
0.61 (Fig. 6) . Given the uncertainty of crab consumption over the years and reported fishing sites, there is, except for a few subjects, remarkably good agreement between the two methods of estimating the intake.
To assess the intake of fat from marine sources in relation to the PCDD/PCDF exposure, we determined the fatty acid profile in serum phospholipids. Whereas the concentration of n-3 PUFA represents the intake of marine fat, n-6 PUFA is mainly derived from plant sources (12, 42, 43) . In the present study, we did not find a correlation between n-3 PUFA or the ratio of n-3 to n-6 PUFA and the number of fish meals per week nor the intake of crabs, which were mostly consumed more than 6 months before blood sampling. Consequently, we have not been able to find any correlation between the levels of n-3 PUFA and concentrations of PCDDs/PCDFs.
Discussion
During magnesium production, PCDFs are formed to a greater extent than PCDDS, resulting in a concentration ratio between XPCDFs to £PCDDs in the waste water of about 10:1 (21) . The characteristic pattern for the tetra-and penta-CDF isomers is nearly undisturbed in the crabs (5, 21) . For the blood samples in our study, the ratio of EPCDFs:IPCDDs increases with increasing intake of crab equivalents (r = 0.699), with a mean of 0.13 for the referents and 1.2 for the high-intake group. Recently, Hansson et al. (44) demonstrated a similar increase of the EPCDFs:XPCDDs ratio in blood of workers from the same magnesium production plant with the number of years of employment in the plant giving a mean of 0.21 for the control group and 1.1 for the workers. This strongly indicates that changes occur in the PCDD/PCDF blood profile due to exposure to characteristic contaminants from the magnesium production process both in occupationally exposed workers and in people consuming seafood from the contaminated fjord area. This is further substantiated by the facts that the PCDD/PCDF profile in the high-intake group clearly corresponds to the profile found in crab hepatopancreas (Fig. 2) and that good correlations are observed between several PCDD/PCDF congeners in blood and the individual crab intake. The relative low content of TCDF in blood of the highintake group could indicate that this congener has a shorter half-life.
In general, a high abundance of octa-CDD is observed in the fat fraction of human tissues, but its source has not yet been identified. Schecter et al. (8) reported octa-CDD ranging from 50% to 80% of the YPCDDs/PCDFs in blood samples from the general population living in different parts of the world. This corresponds well with the results of this study, where octa-CDD accounted for 74% of all PCDDs/PCDFs in the referents. In contrast, the relative contribution from octa-CDD was reduced to 32% for the highconsumer group due to the considerably higher concentrations of PCDFs in blood (Fig. 2) , demonstrating the change in PCDD/PCDF profiles that follows crab consumption.
Levels of total PCDDs and PCDFs in our referents (563 and 73 pg/g fat) are comparable with mean concentrations of 461 and 85 pg/g fat for the control group of workplace exposure study of Hansson et al. (44) and with values of 489 and 53 pg/g fat reported in whole blood samples from Germany by Papke et al. (45) . Thus, the mean blood concentrations of PCDF found for our crab consumers (473 pg/g fat in the high-intake group) were clearly different from both Norwegian and German referents, but similar to those found in the magnesium plant workers (491 pg/g fat).
Previous studies from areas near the Baltic Sea with fish as a main source of dioxin exposure have reported strong correlations between blood levels of n-3 PUFA and dioxins as well as fish intake (12, 42, 43) . In contrast, we did not find any association between n-3 PUFA and fish intake. This might be explained by the predominant consumption of lean fish in our study and the narrow range of fish intake (Table 1) in a relatively small population. Furthermore, the lack of a correlation between reported crab intake and n-3 PUFA is probably due to the limited season for crab consumption. Crabs are usually caught and consumed about 4 months a year, starting in August. The blood samples were collected in June, just before the crab season started. Because the half-lives of n-3 PUFA are quite short, an influence by former crab consumption on the n-3 PUFA concentrations is not expected. As a consequence, presuming that crab consumption is the main source of PCDD/PCDF exposure, no correlation was found between n-3 PUFA and PCDDs/PCDFs in blood.
Recently we reported on the congenerspecific determination of PCBs in crabs from the Frierfjord area (4) . Sum PCBs in the crabs, excluding PCB-209, was not much above background levels found in crabs from diffuse polluted areas along the coast [0.5-1 pg/g fat (46) ]. However, the perchlorinated biphenyl PCB-209 showed a high abundance in the crabs, ranging from 2.9 to 0.05 pg fat in a gradient from fishing site A to F (27, 28 ) (see Fig. 1 ). This congener has been identified as one of the major chlorinated components in the wastewater from the magnesium factory (46) . Surprisingly, the high concentrations of PCB-209 found in crabs from the Frieriord area are not reflected in the blood of the crab consumers ( Fig. 3; Table 3 ). This could be due to limited bioavailibility (44. Studies on mammals have shown that organochlorine compounds with a log n-octanol/water partition coefficient (log Kow) >6.5 are poorly absorbed in the gastrointestinal tract (47) (48) (49) (50) . PCB-209, with a log I §w of 9.6, is thus expected to have a low degree of absorption. Furthermore, the linear correlation coefficient between £PCDDs/PCDFs and £PCBs in the blood samples was low (r = 0.39). This fact and the similarity of PCB profiles for the referents and the high-intake group indicates that PCB exposure in our study group is only increased somewhat by crab consumption, but predominantly arises from other sources.
Blood concentrations of the major PCB congener, PCB-153 (189-554 ng/g fat in referents), as well as some other congeners (PCB-105, 118, 156 and 157), found in our study are in good agreement with the results obtained from control persons in a Swedish study 220 -760 ng/g fat for referents (11) ]. On the other hand, our results for non-ortho-PCBs (PCB-126: 8-173 ng/g fat and PCB-169: 5-109 ng/g fat) seem to be considerably lower than for the Swedish nonconsumers of fish (PCB-126: 100-450 pg/g fat and PCB-169: 100-340 pg/g fat).
The calculated mean PCDD/PCDF exposure of the referents of 9.7 pg/kg body weight is in good agreement with an estimated intake of about 8-10 pg TEQ/kg body weight/week based on measurements of PCDDs/PCDFs in different food items in Norway (51) . Consumption of contaminated crabs increases the total exposure to PCDDs/PCDFs considerably. The average total exposure calculated for the group with moderate crab consumption is with 31 pg/kg body weight, close to the tolerable weekly intake (TWI) (35 pg TEQ/kg body weight) proposed by a Nordic Expert Group (30, 52) , and only few subjects in this group exceeded this value. In contrast, nearly all subjects in the high-intake group exceeded the Nordic TWI. However, only two persons slightly exceeded the TWI of 70 pg TEQ/kg body weight recommended by a WHO expert group (53) .
The use of the TEF concept for PCBs is controversial (26) . However, based on measured concentrations in blood (see Fig.  4 ), PCBs in the referents would contribute twice as much as PCDDs/PCDFs to the total TEQs. In the moderate-intake group, PCBs and PCDDs/PCDFs would contribute equally to the total TEQs, whereas in the high-intake group PCDDs/PCDFs would contribute twice as much as the PCBs. With the inclusion of PCBs in the calculation of TEQs, the mean for the ref-
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Conclusion
The present study shows that among male recreational fishermen, consumption of crabs from the contaminated Frierfjord area is an important source of exposure to PCDDs/PCDFs. This is based on two findings: the PCDD/PCDF profile in blood of the high-intake group is clearly changed in the direction of that found in crabs from this area, and the measured blood concentrations 
